Abstract. When the fourth chromosome of Drosophila melanogaster is attached, as the result of an induced translocation, to 21A in 2L or 60E in 2R, its tip exhibits a marked capacity to pair end-to-end with the tips of the other chromosomes. In each of the translocations, about 59 per cent of the contacts involving the tip of 4 were with the tip of X. If this pairing preference reflects structural similarity, the tip of 4 is muehmore like the tip of X than that of any other chromosome. The significance of this phenomenon is discussed with respect to the standard pattern of endto-end association in the Oregon-R wild-type stock that provided the control preparations. In the 4-2L rearrangement, the interaction of chromosome 4 with the tip of 2L (10IE with 2IA) led to pronounced puffing in subdivisions 21A and B, as was most strikingly manifested when the distal segments of 2L failed to synapse and the homologue of paternal origin showed a large puff whereas that of maternal origin (not carrying the fourth chromosome) remained unpuffed.
Introduction
Among a series of induced chromosomal rearrangements detected by cytological examination of sMivary-gland chromosomes from the third-instar larval progeny of X-ray irradiated fathers and unirradiated mothers of the Oregon-R wild-type stock of Drosophila mdanogaster, we found one reciprocal transloeation that involved chromosome 4 and the "tip" of the left limb of the second chromosome (2L) and another of sinfilar type that involved 4 and the "tip" of 2R. In the 4-2L rearrangement, the regions of breakage and reunion were determined to be in 101E and 21A; in the 4-21% rearrangement the points of exchange were found to be in 102C and 60E. When the homologues that form the left or right limbs of chromosome 2 in these translocation heterozygotes are completely synapsed, as shown in Figs. 1 and 2, it is evident that 2L. 4 is slightly longer than the normal 2L pairing partner of maternal origin, and that 2R. 4 is longer than its 21~ partner. Lengthening of 2L or 2R by addition of a section of chromosome 4 offers the prospect of determining the potential of this small chromosome to pair end-to-end with the limbs of the longer autosomcs and the X (4 with 2R, 3L, 3R and X in one ease ; or 4 with 2L, 3L, 3R, and X in the other). This prospect has been explored and the frequencies of endwise associations determined, as specified below. It should be noted that the complementary types (4.2L and 4.2R) are tiny structures, since they consist only of the short left limb, centromere, and base of the right limb of chromosome 4 capped by either the tip of 2L or 2R. They can be identified in some nuclei where they are positioned in the chromocentral region as a consequence of pairing with the normal intact chromosome 4 of maternal origin (Fig. 3) ; but they rarely participate (in contrast with the 2L. 4 and 2I~-4 types) in establishing end-to-end contacts with the non-homologous chromosome limbs. In some cells of the pair of glands carrying the 4-2L transloeation, the 4.2L reciprocal type is not discernible and seems to have been eliminated; these cells contain in addition to the 2L.4 rearrangement, two intact synapsed normal fourth chromosomes (presumably of maternal origin and representing a non-disjunetional event during development). The glands themselves are accordingly mosaic, since other cells contain both the 4.2L and 2L-4 reciprocal types.
The end-to-end adhesion of the longer salivary-gland chromosomes of Drosophila was first reported by BA~ (1936) and PROKOFYEVA-BELGOVSKAYA (1937) . A subsequent quantitative study --initiated in our laboratory --of the frequency of union in pairs among the five long limbs (2L, 2R, 3L, 3R, X) in the 0regon-l~ wild-type stock of Drosophila melanogaster suggested that adhesions are not produced with the frequencies that would be expected if association occurred strictly at random (HINTO~ and SPARaOW, 1941) . More extensive studies by HIN-TON and ATWOOD (1941) and tII_~-TON (1945) confirmed the existence of a nonrandom pattern of specificity within a given stock, which differed from that of other stocks and apparently was subject to change with the passage of time. It should be emphasized that various lines of evidence, including in vitro studies of unfixed cells as well as mierurgieal and other manipulative treatments of fixed chromosomes, indicate that terminal adhesions occur in the living cell and are not merely artifacts induced in the process of spreading the giant chromosomes for microseopieal examination. The 4-2L and 4-2I~ rearrangements exist as "one-of-a-kind" preparations, since sacrificing the F~ larvae for study of the salivary-gland chromosomes eliminated the possibility Shat stocks could be established for extensive confirmatory analyses. It was necessary, therefore, to examine critically and record every diagnosable chromosome complex on each of the two slides. IS was also necessary to score an adequate number of controls lot each of the two rearrange-ments, since they were detected in different experiments separated in time by a period of about five months. This requirement was met by examining well-spread chromosome complexes from a series of normal preparations (showing no X-rayinduced aberrations) obtained from the same experiments as those that provided the 4-2L and the 4-2R reciprocal translocations.
Culture bottles were kept at 17~ during the period of development of the larvae. Salivary glands, excised from third-instar larvae, were stained and squashed in aceto-carmine or acetic orcein and then processed by the method described by BRIDGES (1936) .
The photomicrographs shown as Figs. 1 to 8 were prepared from negatives obtained by using the phase-contrast optical system of a Zeiss Photomicroscope.
Results
The frequencies of end-to-end associations involving tips of chromosomes in the 4-2L and 4-21% reciprocal translocations are given in Tables  1 and 2 . It is obvious at first glance that the tip of the fourth chromosome plays in each case a significant role in the process of establishing end-to-end adhesions. Before attempting to assess those data in detail, attention will be directed to the "controls" listed in Tables 3 and 4 , since the observations recorded there serve to define the patterns of endto-end adhesion in the Oregon-R stock at the time the two different experiments were initiated. These tables include, in addition to the endto-end types of association, a few cases of adhesion of chromosomal tips to ehromoeentral materials. We have not scored the number of adhesions of chromosomal tips to intercalary heterochromatic regions, since precise data covering the frequency of such contacts would be difficult to assemble --as is evident from the study of eetopie pairing made by KAUF MACq~ and IDDLES (1965) --and only marginally related to the main topic of this paper.
The major difference between Tables 3 and 4 is in the proportion of cells that do not reveal any end-to-end adhesions among the tips of the longer chromosomes (the tips of X, 2L, 21%, 3L, and 3R accordingly lie free). About two-thirds of the 416 nuclei examined in compiling the data for Table 3 fell into that category as compared with about one-half of the 400 nuclei listed in Table 4 . The conditions responsible for this difference remain unknown; we can only suggest that in our opinion it is not determined primarily by the quality of the preparations used or by variations in the scanning procedures. This opinion seems sustained by the observation that among the cells in which adhesions are recognizable, the frequencies of the different types are remarkably similar in the two sets of data. Stated somewhat differently, one might assume that when conditions are established that favor production of end-to-end contacts within a cell the different chromosomal limbs tend to adhere with frequencies that are characteristic of the stock involved. Ends of X, 2L/2L-4, 2R, 3L, 3R all lie free 59
Grand Total 100 The data in Tables 3 and 4 have been compared with respect to the frequencies of adhesion of ends in pairs (the method used by HINTON, SPARnOW, and ATWOOD in their studies, which omits the more complex associations in groups of three or four), and with respect to the frequencies of involvement of the tips of individual chromosomes in all the recorded associations. In the first of these approaches, when the X-2L, X-2R, X-3L, X-3t~, 2L-2t~, 2L-3L, 2L-3R, 2R-3L, 2R-3R, and 3L-3R 27* Table 4 . "Control data"/or those o~ Table 2 Patterns of association No. and frequency Table 3 are compared with those in Table 4 , using the )i2 method (some grouping being required because of the small numbers of the X-2R, 2L-2R, 2L-3L, and 2L-31~ types), the Z e obtained was 3.48 for six degrees of freedom, which gave a P value close to 0.750. In the other approach, in which all the adhesions of tips recorded in Tables 3  and 4 were compared, a slightly higher value of P was determined (Table 5 ). Both results indicate that any differences between the distributions specified in Tables 3 and 4 can be attributed to the sampling error. Especially noteworthy in this analysis (Table 6 ) is the observation of a high frequency of participation in pairing of the tip of the X (34.1%), followed by successively lower frequencies of 3L (24.6%), 3R (17.7%), 2R (10.7%), 2L (8.8%), and 4 and chromocentral associations (4.1%). This distributional pattern, which was quite similar in the two samples collected in experiments separated in time by five months, does not resemble any of the patterns reported by tIINTO~, SrA~ROW, and ATWOOD in their studies of the Oregon-g stock. If we compare, for example, the first five items in our Table 5 , namely, X = 157, 2L = 37, 2R ~ 49, 3L --113, 3R 80 (omitting 4 and ehrom. = 18), with the values expected on the basis of HINTON and SPARROW'S (1941) study, a Z 2 value of 31.72 is obtained, which for four degrees of freedom gives a probability of less than 0.001 that the observed differences can be attributed to chance deviations.
In the Oregon-R stock that we have used, the tips of 2L and 2R are relatively ineffective in establishing end-to-end contacts, since they provide respectively only about 9 and 11 per cent of the " p a i r i n g e n d s " (Table 6 ). B u t when capped by the distal end of the fourth chromosome, the 2L.4 chromosome of paternal origin supplies 42 per cent of the de- tectable pairing ends, and 2R. 4 supplies 33 per cent. A high proportion of these contacts are with the X chromosome (ca. 59% of the total number in each of the two cases). As noted in Table 6 , the over-M1 frequency of pairing of the tip of the X with the translocated fourth and the ends of other chromosomes of the complex is 32 per cent in the 2L.4 translocation, and 41 per cent in the 2 R . 4 translocation. Since the value for the controls is 34 per cent, it is a p p a r e n t t h a t the pairing potential of the tip of chromosome 4 when it is a t t a c h e d to either 2L or 2R is not expressed at the expense of the pairing ability of the tip of the X chromosome. Reduction of frequencies, as compared with those of the controls, must accordingly be reflected in the relative inactivity of the tips of 2L, 2R, 3L, 3R, and 4 at ehromoeenter. Inspection of Table 6 shows that 3L and 3R are much less active in pairing in the translocation heterozygotes than in the controls, whereas 2L and 2R are somewhat less inhibited in the expression of their pairing potential as compared with the controls. The high frequency of participation of the 2L tip in the 2L-4 translocation (7.7 % as compared with 8.8 % in the controls) is attributable in large measure to five observed cases in which the tip of 4 attached to 2L curved downwards and adhered to the tip of the synapsed normal 2L strand of maternal origin. No comparable pattern of association was detected among the 4-2R/2R chromosome limbs examined, which m a y be due to the fact that the terminal section of 4 attached to 2R is considerably shorter than the section of 4 attached to 2L.
Discussion
Observations of the type reported in this paper offer promise of increasing our understanding of the conditions that determine the patterns of association among the chromosome ends in salivary-gland cells of Drosophila melanogaster. Some knowledge has now" been gained about the pairing potential of the tip of chromosome 4 when positioned so that it is free to '" eompete" with the tips of the longer autosomes and the X (Figs. 4,5) . The two translocations studied, with a limited number of cells available for analysis, provide at best a crude estimate of this potential. An additional number of rearrangements, involving not only 4-2L and 4-2R, but also 4-3L, 4-31{, and 4-X, would be required to obtain the data essential for broadening the perspectives needed in evaluating pairing patterns with respect to the degree of homology that exists between the ends of the different chromosome limbs. But viable reciprocal transloeations having one break at the base of chromosome 4 and the other in the most distal subdivision of one of the long chromosome limbs are difficult to obtain, even following treatment with heavy doses of X rays or other agents that induce ehromosomM breakage. Rearrangements meeting these specifications have oeeasionMly been detected by other workers; an example is T (1-4)A10, having breaks at 1A6 and 102A1 (according to STO>-E and GRISFSN, 1940) , but this seems to have been lost (LI~DSLEY and GRILL, 1967) , as have some others, so that they are no longer available for determining pairing patterns of their sMivary-gland chromosomes.
Despite the limitations of the present study, certain aspects of the findings offer guide lines for future endeavors whenever supplementary rearrangements become available. In the first place, it is now apparent that a reliable base line for meaningful comparisons can readily be established by determining the standard pairing pattern within a given stock. Confidence about this possibility stems from the finding that the data collected in two separate experiments (recorded in Tables 3 and 4) are quite similar. The uniformity may be attributable, in part at least, to the scoring technique used, which involved the diagnosis of every available cell on a given slide, as compared with the selective-sampling method employed, for example, by HINTON and SPAaROW, who noted that ,, adhesion may be observed roughly in one cell out of each two pairs of salivary glands." In the second place, the pairing patterns observed in the 4-2L and 4-2R translocations suggest that the affinity between the tip of the attached fourth chromosome and that of the X is strong (Figs. 4, 5) . As mentioned previously, this type of adhesion accounts for about 59 per cent of the total number of associations in pairs. If, on the other hand, only rearrangements involving 2L. 4 or 2R. 4 are considered the frequencies in the two cases are respectively 70 and 89 per cent. Obviously, the tips of 4 and X are capable of exhibiting strong mutual attractions. If this bespeaks strueturM similarity, the tip of 4 is much more like the tip of X than that of any other chromosome limb. Although the end of a chromosome is the important part in determining the types of adhesions in which it can participate, it may be visualized as a region eontMning several properties for sticking, including weak as well as strong affinities. If the strongest possible affinity cannot be realized, a weaker attraction determines the predominant type (HrSTO~, 1945) . Thus, when chromosome 4 is ,,isolated" from the pairing pool by virtue of its normal ehromocentral position, the tip of X in our Oregon-R stock pairs preferentially with the tip of 3L, although none of the other possible combinations is necessarily excluded thereby (Tables 3 and 4) . The X chromosome (or a limb of one of the other long chromosomes) may even double back in a circle, so that the tip is in contact with the tip of 4 or with some less readily defined chromocentral material (P~oxosY~VA-B~LGOVSKAYA, 1937 , noted that a marked increase in this type of association occurs in structural rearrangements, such as T(1-4)w ~5, which bring the tip of the X close to the chromocenter).
Evidence for homology between the X and fourth chromosomes of Drosophila melanogaster was deduced by SANDL~R and NOVITSKI (1956) from the observation that primary non-disjunction is greater in triplofour females than in the normal diplo-fours. Assumedly, the extra fourth chromosome occasionally pairs with and causes non-disjunction of the X chromosomes. The authors suggest that the regions of shared homology are in the proximal heterochromatin and are responsible for the pattern of disjunction. Other genetic evidence of homology between the X and fourth chromosomes had been presented by Gn~SHE~SON (1940), LINDSLEY and NOVITSKI (1953) , and PA~]~ (1954). More recently, GI~ELL and GI~ELL (1960) designed an experiment to determine whether regions of shared homology in the proximal heterochromatin are solely responsible for non-homologous associations among chromosomes during oogenesis. Two chromosomes the fourth and a so-called T4 fragment that carried the centromere and proximal heterochromatin of the fourth chromosome up to 101F, where the essentially euchromatie part of 3R distal to 86D was attached --were tested for their frequency of association with the u chromosome and a small grossly deleted X chromosome that consisted only of the proximal heteroehromatic region and the distal euehromatic tip. It was found that the u and small X associate much more frequently with T4 than with chromosome 4, a preference that is attributed to the euehromatie constitution of the distal portion of the T4 chromosome.
The problem of how chromosomes recognize one another and associate in special ways has been examined in detail by RI~ODA GI~ELL (1967) , who used genetic and eytogenetie criteria for identifying chromosomal interactions during oogenesis in Drosophila melanogaster. Two types of pairing in the course of meiosis are recognized, namely, exchange pairing that precedes exchange and distributive pairing that follows thereafter. It is concluded from experimental evidence that the initial pairing is parasynaptic and that recognition is correlated with the extent of euchromatic homology. Distributive pairing, on the contrary, is correlated with the total size of the chromosome, is independent of homology, and is restricted to chromosomes that have not undergone exchange with an independent homologue. GRELL recognizes that it has become increasingly satisfying to think of base complementarity as the source of pairing specificity, but questions whether the initial attraction that brings chromosomes into register is achieved at that level of interaction. Although her extensive series of experiments lend support to alternative explanations of the pairing phenomenon --in showing, for example, that an X-chromosome duplication is as readily recognized by chromosome 4 as another fourth chromosome if it is of comparable length, irrespective of its heteroehromatie or euchromatic constitution --the diagnostic criteria are genetical or eytogenetieal and offer no direct measure of molecular interactions. Despite concerted efforts over many years, the details of meiosis in the female Drosophila still remain refractory to cytological and cytochemieal analysis. In contrast, the giant sMivary-gland chromosomes have been much more amenable to analysis by cytological, cytochemieal, radioautographical, and electronmicroscopical methods. Problems of chromosome recognition can be studied at the level of association of homologues, at that of ectopic pairing of intercalary regions (assumedly involving heterochromatin), and at the level of end-to-end association of non-homologous chromosome limbs (probably also involving heterochromatin). These are not necessarily mutually exclusive categories, since the tip of an unsynapsed homologue may pair with the tip of a given chromosome limb, whereas that of the other homologue may find a different pairing partner or remain unpaired.
With respect to functional properties, we found that the attachment of chromosome 4 to the tip of 2L in the 4-2L rearrangement led to puffing in subdivisions 21A and B, a phenomenon that is most strikingly manifested in those eases where synapsis of 2L fails and the homologue of maternal origin remains unpnffed (Fig. 8) . Some measure of gene action should be obtainable in such eases by radioautographical and eytoehemical methods. Since puffing that involves the synthesis of RNA can be measured in excised sMivary-gland cells by the incorporation of, say, tritiated uridine, it should be possible to determine experimentally the nature of the interaction between two loci --such as 101E and 21A in the 2L-4 transloeation heterozygote --whenever suitable rearrangements become available for extended studies. To what extent heterochromatic or euehromatie materials are involved in such interactions --and in the establishment of specific end-to-end contacts --should also be determinable cytologically following pulse labeling with tritiated thymidine, as specified by GAY (1963) . (Biochemical studies by PE•REAtrLT, GAY and KAU~MA~N, 1966, 1968 , Of DNA extracted from Drosophila suggest that heteroehromatin and euchromatin do not differ significantly with respect to base composition). We thus find ourselves in the position of delineating the scope of a problem and suggesting methods for its resolution while attempting to garner the chromosomal rearrangements requisite for the task.
Only after the foregoing part of this manuscript was written did we see the interpretation of B~E~DES and MEYER (1968) , derived from electron-microseopieM studies, that end-to-end association of the long chromosomes in Drosophila hydei involves the fusion of compact terminal structures, which are assumed to be submicroscopic manifestations of the so-called telomeres. Our efforts with electron-microscopical and radioautographieal techniques have been directed toward an understanding of the extent to which patterns of pairing involving the tips of two chromosome limbs in the Oregon-l~ stock of Drosophila melanotaster differ from those patterns that involve the tip of one chromosome and heterochromatie material located elsewhere among the chromosomes (in the ehromocentral or intercalary regions). The findings and a discussion of the problem will be given in a subsequent publication.
